sisting of a trilaminar outer membrane and two intermediate low-density layers separated by a dense intermediate layer. A trilaminar cytoplasmic membrane is also present, resulting in a total wall complex thickness of 25 to 40 nm. A periodic infolding of' the outer membrane and intermediate layers of the wall give the wall surface a ridged appearance. The ridges appear to go around the long axis of the cell, possibly in the form of' spirals. Ribosomes and nuclear regions with easily visible deoxyribonucleic acid strands and clumps are distributed throughout the cytoplasm. Binary fission, during which the cell wall and cytoplasmic membrane f'olded inward to partition the cell, was observed. In the xylem of' infected grapes, the bacteria are either distributed evenly throughout the lumen of' the xylem vessel or appressed along the inner surface of' the vessel walls in an electron-lucent matrix.
Pierce's disease, the limiting factor of bunch grape production in the Gulf Coast states and also a serious problem in California, had long been thought to be caused by a virus. However, suppression of symptom development with tetracycline antibiotics indicated that the causal agent was not a virus (16) . An obligately parasitic bacterium considered to resemble a rickettsia was recently found to be the probable causal agent (13, 14) .
The bacteria of' Pierce's disease are rickettsia-like in morphology and size with a diameter of' about 0.25 to 0.5 ,im, a length of about 1 to 4 ium, and a characteristic periodic infolding, or wrinkling, of the cell wall (13. 14). They are confined to the tracheary elements of the xylem where they form aggregates that apparently restrict the passage of water and nutrients through the xylem. Similar bacteria are currently believed to be the causal agents of phony peach and clover club leaf diseases (15, 20, 25) ; however, the clover club leaf agent is found in the phloem and is smaller than the Pierce's disease and phony peach agents.
Fastidious bacteria of' this type have been found in plants only within the past 2 to 3 years. This study was undertaken to elucidate the ultrastructure of the Pierce's disease bacterium and to determine the distribution pattern of the bacteria within the xylem.
MATERIALS AND METHODS
The bunch grape, Vitis vinifera L. cv. "Thompson Seedless," was used in this study. Samples were taken from mid-summer to late summer and were in the form of' thin transverse slices of' leaf veins and petioles from grape leaves showing disease symptoms and from control leaves without symptoms. All leaf' slices were taken from green, live tissues near the areas with severe disease symptoms. No necrotic or distorted areas of leaves or petioles were taken.
The leaf' and petiole slices were processed for electron microscopy in the usual manner; i.e., they were transferred to vials containing 291 glutaraldehyde-2C. paraformaldehyde in 0.05 M collidine buffer (pH 7. 3), at room temperature (25 C) for 2 to 3 h. The tissues were then rinsed five times in collidine buffer over a period of 1 to 2 h at room temperature, after which thev were fixed overnight in cold 1%1 OSO4, buffered as above. Dehydration was in an ethanol and acetone series, and embedding was in a slightly modified mixture of Spurr (24) .
RESULTS
Bacterial ultrastructure. The bacteria of Pierce's disease are rod-shaped organisms about 0.25 to 0.50 Am in diameter by 1.0 to 4.0 gm long, bounded by a relatively thick complex of membranes and wall material ( Fig. 1 to 5 ). Ribosomes ( Fig. 1 ), osmiophilic granules (not illustrated), and nuclear regions with strands of material that resemble deoxyribonucleic acid in other bacteria (Fig. 1, 7) , are the main internal features of the organisms.
Possibly the most distinguishing feature of the organism is the thick, layered, and ridged texture of the wall ( Fig. 1 to 5 ), which is formed apparently by a periodic infolding of the outer surfaces of the wall to form narrow valleys ( Fig.  1 to 5 ). The ridged texture is most pronounced in longitudinal sections through the bacteria ( Fig. 1 to 5 ) indicating that the ridges go around the long axis of the organism, possibly in the form of spirals. uM R In thin sections of young bacteria (i.e., bacteria that have recently divided), the wall complex appears as a five-part structure consisting of an outer membrane-like structure (OM), an inner or cytoplasmic membrane, (CM), a central layer of dense material (R), and two intermediate (or separating) layers of low-density material ( Fig. 1 to 5 ). Both the outer membrane and the cytoplasmic membrane have the typical three-layered unit membrane structure. The maximum overall thickness of the wall complex is about 25 to 40 nm depending, in part, on the I a I P. developmental stage of the organism. Progressive changes occur in the cell wall as the bacteria age ( Fig. 1 to 5 ). In young bacteria ( Fig. 1 and 2 ), the two intermediate (or separating) layers are similar to each other with a density and general appearance much like that of the cytoplasmic ground substance ( Fig. 1 and  2 ). As the bacteria age, the intermediate layers of the wall complex become uniformly dense as they appear to fill with an amorphous material ( Fig. 3 to 5) . The outer part of the wall complex always increases in density first (Fig. 3) , followed then by the inner part of the wall complex (Fig. 4 and 5) . In bacteria that appear either in a resting state or in a senescent degenerative form ( Fig. 1 and 13) , the entire wall appears uniform; the "R" layer and sometimes the other membranes (CM and OM) become difficult to distinguish (Fig. 1, 4 , and 5).
The cytoplasmic features of the cells also change with age; the ribosomes and other constituents usually become less uniformly distributed within the cytoplasm and often aggregate along the periphery of the cell (Fig. 2 to 6 ). In bacteria that are compressed (as in Fig. 10, 12 , and 13), the average density of the cytoplasm appears significantly greater than that of earlier stages of development or of dispersed bacteria.
The bacteria appear to divide by fission as the walls and membranes surrounding them fold inward to partition the cell (Fig. 6 and 7) . No unusual structures form, and no major redistribution of cytoplasmic constituents accompanies partitioning of the cell. No bacterial "pieces," "pre"-bacterial forms, or "filterable" bacterial components (5) could be recognized in any of the tissues, and the bacteria always had the general configuration described above.
The bacteria were usually surrounded by what appears to be an electron-lucent matrix that possibly binds them to one another and to the cell wall (Fig. 10, 11, 12, 14, and 15 ). This matrix can be distinguished because it sometimes contains either dense-staining substances (Fig. 10 to 12 ) or a fibrous matrix substance (insert, Fig. 10 ), and it often shrinks from the bacterial surface during processing and thus produces a halo effect (arrows, Fig. 10 ). The bacteria may also produce fibrous strands (Fig.  15) .
Intracellular distribution of bacteria. Bacteria were confined to the lumen of the xylem vessels and, most frequently, to the smaller vessels of the xylem. No intracytoplasmic bacteria were visible, and other agents such as mycoplasmas or viruses were not detected. Bacteria were never seen in the xylem of healthy grapes.
Two patterns of intracellular bacterial distribution were visible in transverse sections
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------\w_ .,,I.,, Fig. 8 to 10 and not when they are appressed against the xylem wall as in Fig. 11 to 13. The arrows (Fig. 10) indicate translucent zones that sometimes surround the bacteria. These translucent zones may be induced by the fixation procedure. The bars on Fig. 8 to through the xylem. In the first, the bacteria were distributed more or less evenly throughout the lumen of the vessel (Fig. 8 to 10) , with no significant degree of subaggregation or selective binding to the cell wall (compare with Fig. 11 to  13 ). The distribution pattern was essentially the same whether the bacteria were few in number (Fig. 8) or so aggregated that they formed bacterial clots within the xylem (Fig. 9 and 10) .
In either case, all stages of bacterial development were usually present in each bacterial aggregate (Fig. 8 to 10 ).
In the second form of intracellular distribution, the bacteria were appressed along the inner surfaces of the xylem walls (Fig. 11 to 13 ), where they appeared to be embedded in an electron-lucent matrix (Fig. 11 and 12) . When large numbers of bacteria were present, they appeared compacted into elongated forms by their surrounding matrix (Fig. 12) and/or by crowding from adjacent bacteria (Fig. 13) . The wall-oriented aggregates of bacteria seldom filled the cell, though they often severely reduced the effective cross-sectional area of the xylem vessel. In most instances, only one stage of bacterial development was present in each of these cell aggregates (Fig. 11 to 13 ), indicating that bacterial development was synchronous, or at least that all bacteria had reached the same developmental stage at the time of sampling. DISCUSSION The Pierce's disease bacterium differs from all previously known plant pathogenic bacteria. Based on morphology and cell wall ultrastructure, the bacterium is gram negative (9, 11, 12, 23) . Although the taxonomic identity of the bacterium cannot be properly determined at this time, it has many characteristics in common with members of the Rickettsiaceae (1-4, 6-8, 17, 26) . The shape and size range of this bacterium is similar to that of known rickettsial agents and the organism cannot be grown in cell-free media. Clear spaces that commonly are i_.;dW~~0 0 t°a' Io e (15) FIG. 14, 15. Transverse sections through leaf stems of grapes showing two common forms of secretion product presumablv derived from the bacteria. Both the translucent (Fig. 14) and fibrous (Fig. 15) forms would probably tend to bind bacteria together and act to block the passages of the xylem. The bar in Fig. 14 on January 27, 2018 by guest http://jb.asm.org/ Downloaded from observed around rickettsia were sometimes observed in our studies (7, 22, 25) . We do not know whether this clearing is a real phenomenon or a result of processing procedures. Although definite determinations of cell division in fixed, static material is speculative, binary fission appeared to be the mechanism of reproduction in this organism. This conclusion is based on observations of cells with various degrees of constriction involving both the cell wall and cytoplasmic membrane.
Although no rickettsial agents have been identified in plants, their presence in homopterous insects indicates an access to plant tissue. Rickettsial bodies have been observed in the salivary gland of a leafhopper (19) . With this ready access to plant tissue, a member of the Rickettsiaceae might also be a plant pathogen (10) . Until the taxonomy is determined, it seems appropriate and most descriptive to continue to refer to the Pierce's disease organism as a rickettsia-like bacterium.
The organisms associated with "greening" disease of citrus (18, 21) and clover club leaf disease (25) seem to be different from the Pierce's disease bacterium; they are smaller (about 0.20 ,m in diameter), and the cell wall appears as a double membrane, or membrane and wall, rather than as the complex multilayered structure characteristic of the cell wall of the Pierce's disease bacterium. These two organisms also inhabit the phloem tissue instead of the xylem.
The origin of the electron-lucent matrix that seems to aggregate the bacteria and bind them to the cell was not determined in this study. Probably, the matrix substance is secreted by the bacteria and one might speculate that it is a polysaccharide slime. Alternatively, the electron-lucent matrix could be a host product that is induced by the presence of the bacteria. Some of the bacteria, especially when not embedded in a fibrous matrix, appear to have a capsular material that also may be a secretion product.
The aggregation of the rickettsia-like bacteria in the lumen of xylem vessels of grape was quite extensive. Plugs formed by the bacteria embedded in a matrix may sufficiently restrict the flow of water through the plant to cause the disease syndrome. However, the involvement of bacterial toxins in the disease syndrome cannot be ruled out and is worthy of future study.
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